Place-specific firing in the hippocampus is determined by path integration-based spatial representations in the grid-cell network of the medial entorhinal cortex. Output from this network is conveyed directly to CA1 of the hippocampus by projections from principal neurons in layer III, but also indirectly by axons from layer II to the dentate gyrus and CA3. The direct pathway is sufficient for spatial firing in CA1, but it is not known whether similar firing can also be supported by the input from CA3. To test this possibility, we made selective lesions in layer III of medial entorhinal cortex by local infusion of the neurotoxin g-acetylenic GABA. Firing fields in CA1 became larger and more dispersed after cell loss in layer III, whereas CA3 cells, which receive layer II input, still had sharp firing fields. Thus, the direct projection is necessary for precise spatial firing in the CA1 place cell population.
INTRODUCTION
Spatial navigation depends on a widespread hippocampal and parahippocampal neural network that includes place cells (O'Keefe and Dostrovsky, 1971) , head-direction cells (Taube et al., 1990) , and grid cells (Hafting et al., 2005) . Hippocampal place cells fire only when the animal is in a certain location in the spatial environment. Their firing fields are thought to reflect the integration of convergent input from entorhinal grid cells, whose firing locations form regularly spaced repetitive grid-like patterns that each tile the entire environment explored by the animal (Hafting et al., 2005) . The spacing of the grid fields increases topographically along the dorsoventral axis of the medial entorhinal cortex (MEC) (Fyhn et al., 2004; T. Solstad et al., 2007, Soc. Neurosci., abstract) . Because most hippocampal neurons receive input from at least one-quarter of this axis (Amaral and Witter, 1989; Dolorfo and Amaral, 1998) , they are likely to integrate spike activity across a broad range of grid scales. Such integration would result in nonrepetitive firing fields within most conventionally sized environments, similar to the fields of typical hippocampal place cells (Fuhs and Touretzky, 2006; McNaughton et al., 2006; O'Keefe and Burgess, 2005; Solstad et al., 2006) .
While we are beginning to understand how space is represented in cell assemblies of the entorhinal cortex, it has not been determined how the spatial information is conveyed from entorhinal grid cells to hippocampal place cells. In each subfield of the hippocampal region, place-modulated neurons receive direct inputs from projection neurons in the superficial layers of MEC; axons from layer II cells terminate in the dentate gyrus and CA3 whereas axons from layer III cells terminate in CA1 and subiculum (Witter and Amaral, 2004;  Figure 1 ). Thus, entorhinal grid cells are likely to contact place cells in CA1 directly as well as indirectly through spatially tuned cells in the dentate gyrus and CA3. Previous studies have shown that the direct pathway is sufficient for spatial firing in CA1. Localized firing is maintained after selective disruption of all input from CA3 (Brun et al., 2002) as well as after reduced transmission through the indirect pathway by selective lesions of the dentate gyrus or by attenuation of firing in CA3 after inactivation of the medial septum (Mizumori et al., 1989) . However, these results do not rule out that place fields can be formed by the indirect pathway too, independently of the direct perforant-path input. Principal neurons in both the dentate gyrus and CA3 have strongly localized firing patterns that might be conveyed further to CA1 (Barnes et al., 1990; Fyhn et al., 2004; Leutgeb et al., 2007; Leutgeb et al., 2004) . Synaptic plasticity in CA3 is critical for the fast formation of localized firing fields in CA1 when animals explore a novel environment (Nakazawa et al., 2003) , and with prolonged training, changes in ensemble representations in CA3 are succeeded by similar changes in CA1 (Leutgeb et al., 2005a) , suggesting that CA3 exerts an important influence on the distribution of firing locations in the CA1 population. This influence may mediate the output of pattern completion mechanisms in the associative network of CA3 (Lee et al., 2004; Nakazawa et al., 2002; Vazdarjanova and Guzowski, 2004) , which could have a role in generating spatial representations of familiar environments in CA1 independently of the specific momentary sensory inputs (Leutgeb et al., 2005a) .
To test specifically whether the direct perforant-path input is necessary for place representation in CA1, we measured spatial modulation of firing in CA1 and CA3 pyramidal cells after selective removal of the direct axonal input from layer III of the entorhinal cortex. We made use of the previously reported observation that local application of the neurotoxin g-acetylenic GABA (GAG) produces selective lesions in layer III of MEC (Wu and Schwarcz, 1998) . The infusions were made unilaterally because the contralateral projections from layer III to CA1 are weak (Witter and Amaral, 2004) . The procedure causes extensive cell loss across the entire central portion of the ipsilateral MEC, with variable additional damage to more dorsal and ventral parts of this brain region. Layer II projections to the dentate gyrus and CA3 are left almost intact.
RESULTS

Recording Position in Hippocampal Area CA1
Projections from MEC to CA1 exhibit a more restricted topographical organization than the projections to other subfields of the hippocampal formation (Naber et al., 2001) . Because the cell loss after GAG infusions is most profound in the ventromedial-to-intermediate part of the MEC (Wu and Schwarcz, 1998) , we expected a more extensive disruption of direct entorhinal input in the ventral-to-intermediate portion of CA1 than in more dorsal areas and a stronger effect in the proximal CA1 (close to CA2) than in the distal part (close to subiculum). The tetrodes were therefore implanted in the proximal part of CA1 at an intermediate septotemporal level, sufficiently ventral to reach the target field of the projections from the lesioned area and sufficiently dorsal to enable us to see spatial modulation of pyramidal cell firing within conventionally sized recording environments (Jung et al., 1994; K.B. Kjelstrup et al., 2007, Soc. Neurosci., abstract) . The connectivity between the recording area and the lesion site was verified by unilateral injections of the retrogradely transported tracer Fluorogold at the coordinates used for unit recording in CA1 (Figure 2 , top panels). The injections were placed close to the hippocampal fissure to label the terminal fields of entorhinal fibers in stratum lacunosum-moleculare. As shown in Figure 2A for one such animal, the injection resulted in retrogradely labeled neurons in layer III of a sizeable area of MEC that in all experimental animals was part of the lesioned area (Figures 2B, 3A, and 3C) . Some additional labeling of cells in layer II was caused by spreading of the dye into the dentate molecular layer ( Figure 2A ). A few labeled neurons were also observed in layer V. This may reflect uptake by weak projections from deep entorhinal layers to the hippocampus , but a more likely source is leakage of tracer into the white matter of the overlying cortex (Figure 2A ), which contains axons from deep entorhinal neurons to cortical targets (Swanson and Kö hler, 1986; Insausti et al., 1997) . Isolated retrogradely labeled cells were only occasionally noted in any of the areas with damage outside the MEC (see below). Altogether, the staining pattern suggests that the tetrodes were placed in an area of CA1 that, in normal animals, received dense input from layer III neurons in the target area of the GAG infusion.
Lesions in Entorhinal Cortex
All seven animals in the lesion group with tetrode implants in CA1 had damage ipsilateral to the injection site in entorhinal cortex, as measured by a qualitative assessment of cell loss, comparing ipsilateral and contralateral hemispheres as well as lesioned and control animals. In all animals, the lesion included the center of the ipsilateral MEC, typically most of the intermediate MEC and some of the adjacent dorsocaudal MEC. The lesions in MEC were mostly confined to layer III with minor or no damage in layers II and V, as shown in Figures 2B and 3A (examples of layer II and layer V damage are indicated by arrowheads). The size of the lesion showed some variation, with patches of spared tissue in most animals ( Figures 2B and 3 ), but the specificity to layer III was maintained in all cases. In three animals, the contralateral EC showed detectable cell loss, primarily in layer III. These animals, and one additional rat, also showed damage in layers II-V of ventral and lateral parts of the ipsilateral lateral entorhinal cortex (LEC). Small regions of cell loss were seen in layers II-VI of perirhinal cortex in two of these animals. Finally, in a limited number of sections from two animals, minor damage was seen in the anterior part of the ventral claustrum and in the overlying parts of the posterior piriform cortex.
Layer III lesions in MEC are observed only when the GAG infusion is followed by a short period of epileptic seizures (Wu and Schwarcz, 1998; see Experimental Procedures) . It is possible that these seizures also induced diffuse cell degeneration outside the MEC to an extent that was too small to be detected with the cresyl violet and NeuN stains. Such degeneration might occur, for example, in the hippocampal inputs to CA1 or in areas providing inputs to layers II and III of the entorhinal cortex. To map the cell loss with a more sensitive approach, we first assessed neuronal degeneration in four lesioned animals not implanted for recording, making use of a specific marker for neuronal degeneration, Fluoro-Jade B (Schmued and Hopkins, 2000) . One week after the GAG infusion, we observed a restricted lesion of layer III in the central part of MEC and no additional damage in any other part of the hippocampus or parahippocampus (Figure 3B) . Almost no cells in layer III survived in the center of the lesion, suggesting that the output from layer III to the corresponding part of CA1 was strongly compromised in our preparation. Because some of our experimental animals showed minor damage outside of the area showing degeneration 1week after GAG injection, we next stained for Fluoro-Jade B in two animals 4 weeks after the initial GAG application, which corresponds to the typical delay from surgery to the recording of place cells. In these animals, we observed occasional labeling of degenerating cells in the ventral portion of the LEC, but no neuronal degeneration in the hippocampal fields (i.e., dentate gyrus including the hilus, CA1-3, and subiculum) or in the pre-and parasubiculum. There was no further damage in MEC. The late additional damage is similar to what has been described after shorter survival times with another neurotoxin, aminooxyacetic acid, in the entorhinal cortex (Du et al., 1998) . Note that Fluoro-Jade labeling is strongest around 1 week after the cells die (Eisch et al., 1998; Schmued et al., 1997) , such that the initial neuronal degeneration in MEC was not detectable by 4 weeks. The consistent absence of damage in the hippocampal formation is in agreement with the findings by Wu and Schwarcz (1998) , who reported that hilar cell loss was prevented by a combined application of GAG and the NMDA receptor antagonist MK-801, which prevented behavioral convulsions similar to what was achieved in this study with the application of the benzodiazepine clonazepam.
To further explore the structural impact of the GAG lesion in the hippocampus, we stained three lesioned brains with antibodies against vimentin, a marker for activated glia (Dahl et al., 1981; Khurgel et al., 1995) . Using a protocol that preferentially stains glial processes, we observed labeling predominantly in stratum lacunosum-moleculare of CA1, the terminal zone of the lesioned direct entorhinal input ( Figure 4A ). The staining in CA1 was bilateral but more widespread on the lesioned than the nonlesioned side. Additional immunoreactivity was present in the hilar domain directly below the dentate granule cell layer, where glial extensions radiated in between granule cell bodies, and in the alveus, the angular bundle and the cortical white matter. Minor staining was noticeable in stratum radiatum of CA1. In the entorhinal cortex, some staining coincided with the cannula tract, but no staining was seen otherwise in layers II and V ( Figure 4A ). The specificity of the lesion implied by the vimentin stains was reinforced by analyses of Golgi-impregnated material, which showed that the entire dendritic tree, including the distal perforant-path terminal area, was preserved in GAG infused animals ( Figure 4B ). Taken together, these findings suggest that the structural lesion was largely confined to layer III of entorhinal cortex, with some synaptic reorganization in the denervated zone in CA1 and associated portions of stratum radiatum, but with little, if any, neuronal degeneration in the hippocampus itself.
Place Cells in CA1
The dentate-CA3 network has a rich associational capacity (Amaral and Witter, 1989 ) that might serve as a neuronal architecture for storage of information in the hippocampus (Marr, 1971; McNaughton and Morris, 1987; Nakazawa et al., 2002; Steffenach et al., 2002) . The storage of spatial information in CA3 is not instantaneous, as the ensemble of active place cells in CA3 undergoes considerable change during the first 10-20 min of exposure to a novel environment (Leutgeb et al., 2004 (Leutgeb et al., , 2006 . Deletion of NMDA receptors in CA3 slows down the development of stable place fields in CA1 (Nakazawa et al., 2003) , suggesting that the maturation of representations in CA3 may be followed by equally slow or even slower changes in CA1. Thus, to maximize the possibility of detecting influences of CA3 inputs on place-cell activity in CA1, we first recorded activity during running in a familiar box in a familiar room after 1 to 2 weeks of daily training in the environment. At this stage of training, we assumed that representations in CA1 had generally reached a stable state reflecting inputs from both CA3 and entorhinal cortex (Lever et al., 2002) .
Pyramidal cells in CA1 of animals with intact entorhinal cortices were mostly sharp and focused ( Figure 5 ). Most cells had a single firing field covering 20%-25% of the box surface, comparable to, or marginally larger than, the field size of place cells recorded at more septal locations in the CA1 in the same behavioral task in previous studies (Leutgeb et al., 2004) . In contrast, place fields recorded from animals with entorhinal layer III lesions were generally wider and more dispersed ( Figure 5 ). The size of the primary field was larger than in the control animals (0.358 ± 0.044 m 2 versus 0.254 ± 0.036 m 2 ; median ± SE of the median; Mann-Whitney test Z = 2.22, p < 0.05), and the firing fields were less coherent (0.72 ± 0.04 versus 0.83 ± 0.08; Z = 2.07, p < 0.05). The lesions strongly reduced the information density of the place fields (lesions, 0.47 ± 0.08; controls, 0.71 ± 0.08; Z = 2.81, p < 0.005), and their sparsity was increased (lesions, 0.56 ± 0.04; controls, 0.45 ± 0.03; Z = 2.92, p < 0.005). The lesion did not cause significant changes in average rate (lesions, 1.20 ± 0.27; controls, 1.34 ± 0.23; Z = 0.12), peak rate (lesions, 8.66 ± 0.93; controls, 11.32 ± 1.08; Z = 1.69), or percentage burst activity (lesions, 20.37 ± 3.55; controls, 23.66 ± 1.92; Z = 0.28), which speaks against a nonspecific change in the basic physiological properties (e.g., resting membrane potential) of the CA1 cells. The distribution of the spatial information density scores showed a clustering of cells from lesioned animals at the lower end of the scale ( Figure 5 ). When the cells from both groups were ranked by their information density, 19 of the 20 cells with the lowest score (i.e., the weakest spatial modulation) came from rats in the lesion group. Among the 20 cells with the highest information density, 9 came from lesioned rats. The total number of cells from each experimental group was similar (lesions, 49 cells; controls, 44 cells). Cells with different degrees of spatial modulation were typically seen in the same lesioned animal (see Figure 5A for a representative example; black horizontal lines indicate cells from the same animal). This suggests that the lesion did not result in a general network dysfunction but affected subsets of CA1 cells rather selectively.
To substantiate the observed impact of entorhinal layer III lesions on place fields in CA1, we recorded from the same cells Labeled glial processes are predominantly present bilaterally in stratum lacunosum-moleculare of CA1, the terminal zone of the lesioned direct entorhinal input. Notice that staining on the lesioned site is more widespread than on the nonlesioned side (lower left and right panels, respectively). Additional immunoreactivity is seen in the hilar domain directly below the dentate granule cell layer, extending in between granule cell bodies, and in the alveus, the angular bundle and the cortical white matter. In the entorhinal cortex, some staining is seen around the cannula tract (arrow in upper left hand panel). Scale bars equal 250 mm. (B) Horizontal sections showing Golgi-impregnated CA1 neurons in a control animal (upper panel) and a GAG-lesioned animal (lower panel). Sections were taken at corresponding hippocampal positions. The entire dendritic tree, including the distal part that receives perforant-path terminals, appears quite intact in both cases. Highpower images of the distal dendrites (upper and lower most right hand panels) illustrate that in the lesioned animal dendrites may show lower spine densities locally, in addition to occasional elongation of spines and some reduction in diameter of the most distal tips. However, no major differences in spine densities and dendritic diameters were apparent. Scale bars equal 50 mm.
in a second environment, a novel enclosure in a novel room. Recordings began immediately as the rat entered the novel apparatus and lasted for 30 min. In both experimental groups, CA1 pyramidal cells showed weaker spatial modulation in the novel environment than in the familiar environment (Figure 6 ), as expected (Leutgeb et al., 2004; Wilson and McNaughton, 1993) , but as in the familiar environment, the firing was more dispersed in the lesioned animals than the control animals. Place cells from lesioned animals had less coherent fields (Z = 2.34, p < 0.01) and the information density scores were lower, fluctuating around 0.2 (Z = 2.25, p < 0.05; see Figure 5 for examples of information density values). The average place field size was not significantly different between the groups (Z = 1.19, n.s.), but this may reflect a ceiling effect as the fields covered more than half of the environment. The increase in place field size compared to the familiar environment was significant in both groups (Wilcoxon signed ranks test, lesions, Z = 2.55, p < 0.01; controls, Z = 2.40, p < 0.01), as was the loss of spatial coherence (lesions, Z = 4.26, p < 0.001; controls, Z = 2.44, p < 0.01), and the reduction in information density (lesions, Z = 4.82, p < 0.001; controls, Z = 3.86, . The rate maps are positioned along the x axis according to their information density. White pixels indicate areas not visited by the rat; dark red corresponds to the maximum firing rate and dark blue to no firing. Numbers on the rate maps indicate the peak firing rate (in Hz). Black horizontal lines below the rate maps mark a set of cells recorded in the same lesioned animal. (B) Distribution of information density scores for the entire sample of CA1 place fields recorded in the familiar environment in the lesion and control groups. Note that the distribution is shifted toward zero in the animals with layer III lesions in MEC. p < 0.001). Both groups developed more localized place fields across blocks of 10 min in the novel environment (Figures 6C  and 6D ; Friedman nonparametric ANOVA for information-density scores, lesions, F(2) = 18.0, p < 0.001; controls, F(2) = 11.9, p < 0.005), although the place fields did not become as sharp as in the familiar environment. Taken together, the observations in the novel environment confirm the impairment observed in CA1 of the lesioned animals in the familiar environment.
To establish if stability of firing can be maintained in CA1 place cells without direct entorhinal input, we finally compared CA1 fields in lesioned animals on two separate trials in the same familiar environment. The interval between the trials was 1 hr. Rate maps for the two recordings were highly correlated in both experimental groups, with a minor but significant reduction in the GAG group (lesions, 0.79 ± 0.03; controls, 0.86 ± 0.02; Z = 2.51, p < 0.05). A similar difference was observed when the trials in the familiar room were separated by an intervening trial in a novel room (lesions, 0.70 ± 0.07; controls, 0.88 ± 0.02; Z = 3.32, p < 0.001). These small differences may be a consequence of increased variability in firing location in the GAG animals. This interpretation is supported by significant correlations between stability (spatial correlation) and information density in both groups on both tests (lesions, r R 0.56, p < 0.001; controls, r R 0.48, p < 0.05).
Place Cells in CA3
The impairment in spatial firing in CA1 may be caused by disruption of direct perforant-path input from layer III of entorhinal cortex, or the entire hippocampal network may be compromised, as predicted, for example, if the impairment reflected epileptic seizures. To distinguish between these possibilities, we recorded place fields from the CA3 area of the hippocampus in a new set of four rats with layer III lesions and five controls (Figure 7) . Because entorhinal inputs to CA3 cells originate in layer II, which should be largely preserved by the GAG lesion, we expected impairments in place fields in this area only if the lesions led to a general disruption of hippocampal functions.
The tetrodes were aimed for a part of the proximal CA3 that projects strongly to the part of CA1 where place cells were recorded in the main part of the study ( Figure 3C, top panel) . The electrodes were placed in the intermediate-to-proximal part of CA3, which provides most of the output to the proximal-to-intermediate recording location in CA1. They were placed anterior and medial to the CA1 electrodes, at a position where the widely distributed axonal projections of the CA3 cells overlap significantly with the CA1 recording area ( Figure 7D ). This position was selected to facilitate recording in an area of CA3 connected to both the CA1 recording area as well as the lesioned area in layer III of MEC. Lesions in the four animals with CA3 tetrode implants were as specific to layer III neurons as in the CA1 study and the spatial extent of the lesion in the two parts of the study was comparable ( Figure 3C , bottom panels). The lesions included the center of the ipsilateral MEC, most of the intermediate MEC and some of the adjacent dorsocaudal MEC. The lesions in MEC were mostly confined to layer III with minor or no damage in adjacent layers.
There was no detectable impairment in spatial representation in CA3 following lesions in layer III of entorhinal cortex. The firing fields were sharp and confined and not different from those of the control group ( Figure 7A and C) . There was no difference in information density (lesions, 1.02 ± 0.11; controls, 0.82 ± 0.16; Z = 0.85, n.s.), size of the place field (lesions, 0.248 ± 0.038 m 2 ; controls, 0.300 ± 0.064 m 2 ; Z = 0.69, n.s.), sparsity (lesions, 0.35 ± 0.03; controls, 0.40 ± 0.05; Z = 0.38, n.s.), or spatial coherence (lesions, 0.92 ± 0.08; controls, 0.87 ± 0.11; Z = 0.36, n.s.). There was no significant change in average rate, peak rate or burst activity. In one lesioned animal, the electrodes penetrated CA1 and the dentate gyrus on their way down to CA3 and recordings were made in all three areas on separate days ( Figure 7B ). CA1 cells showed a striking deficit in spatial modulation, as in the main experiment (Figures 5 and 6 ), whereas neurons in CA3 and dentate gyrus showed no striking change. Although the number of cells in each area of this animal was too low for statistical analysis, the pattern of results and the absence of impoverished spatial representation in CA3 points to the direct perforant-path input as the likely source of the reduced spatial specificity of CA1 cells after GAG lesions in entorhinal cortex.
DISCUSSION
We have shown that the localized firing pattern of place cells in hippocampal area CA1 is significantly attenuated by selective ipsilateral lesions in entorhinal layer III, which provides most of the direct cortical input to the CA1 field. Place fields increased in size, and their spatial coherence and information density were reduced. Layer III lesions were not accompanied by detectable impairments in the CA3 place representation. The results indicate that the direct pathway from entorhinal cortex to CA1 is necessary for accurate location-specific firing in the CA1 pyramidal-cell population.
Significance of the Direct Pathway
The significance of the direct pathway for normal operation of the CA1 circuit is consistent with the relative maintenance of both place-specific firing and hippocampus-dependent spatial recognition memory in animals with complete lesions of CA3 (Brun et al., 2002) . Following such lesions, cortical input is available to CA1 only by direct connections, suggesting that the remaining CA1-subiculum-entorhinal circuit may perform at least some neuronal computations without additional input from the dentate gyrus and CA3. The present study extends these findings by showing that direct perforant-path input from layer III is necessary for normal spatial firing in the place cell population of CA1. The contribution of the direct pathway is probably underestimated by the present results because of possible sprouting or potentiation among the remaining inputs to the pyramidal cells in CA1 during the postoperative recovery period (Gloveli et al., 2003; Shah et al., 2004; Shao and Dudek, 2004; Siddiqui and Joseph, 2005) . The implication of a necessary role for the direct pathway is consistent with the impairment in long-term memory consolidation in animals where the direct pathway from the entorhinal cortex to CA1 is transected after spatial learning (Remondes and Schuman, 2004), although this impairment could, in principle, reflect damage to the outputs as well as the inputs of the hippocampus. The apparent significance of the direct entorhinal pathway is at odds, it seems, with the poor induction of somatic action potentials in CA1 pyramidal cells after singlepulse stimulation of the perforant path in hippocampal slices (Jarsky et al., 2005) . Distal dendritic signals propagate more reliably during burst stimulation, however, suggesting that a minimal level of temporal summation may be required (Jarsky et al., 2005) . Spatial summation between converging entorhinal inputs may have a similar facilitating effect on the propagation of dendritic signals, but the contribution of spatial summation may be more difficult to detect in the hippocampal slice preparation, where a significant fraction of the entorhinal axonal input is lost. The significance of intact entorhinal fibers is supported by the more reliable induction of action potentials in CA1 after stimulation of the perforant path in vivo and by the fact that such discharge is detectable only when stimulation and recording electrodes are placed in register within a narrow spatial window of the perforant path (Naber et al., 1999) .
A key question is why some place cells lost their spatial tuning after cell loss in layer III while others remained as localized as in the controls. One possibility is that the sharpest CA1 place fields were maintained by CA3 neurons, whose spatial modulation was not affected by the lesion; another is that cells with strongly defined fields received a larger input from surviving neurons in layer III of the MEC. Considering that the collaterals of an entorhinal layer III axon cover a significant portion of the longitudinal CA1 axis (Naber et al., 2001) , it is quite likely that some CA1 cells in the lesion group were contacted by axons from the spared regions of layer III. Some inputs may also come from layer III neurons in the contralateral entorhinal cortex, although the commissural projection at the level we recorded from is rather weak (Steward, 1976) . The latter possibility is reinforced by the fact that, in contrast to the diffuse and widespread projections of the Schaffer collaterals (Li et al., 1994) , the projection from layer III to CA1 has more targeted functional effects (Buzsaki et al., 1995; Naber et al., 2001) , implying that the organization of the presynaptic entorhinal input could be more point-to-point-like. If this is the case, some CA1 cells could have lost most if not all of their direct ipsilateral input from MEC after a partial layer III lesion, while their nearest neighbors might still receive virtually intact input from surviving neurons. The result would be a heterogeneous response in CA1, even at a single recording location. Although the present data do not rule out an additional role for CA3 inputs in shaping place fields in CA1, the lack of impairment in the CA3 place cells clearly shows that direct entorhinal input is necessary for sharp and confined place representations in the CA1 cell population as a whole. A more complete understanding of how inputs from CA3 shape place fields in CA1 must await the future availability of specific tools for separate and total inactivation of the two afferent cell populations.
Significance of the Indirect Pathway
The necessary role of the direct pathway in place-specific activity does not preclude a critical involvement of the indirect pathway in hippocampal network functions more generally. The slow development of new firing fields, as observed in the unfamiliar environment, raises the possibility that the contribution of Schaffer-collateral input to localized firing in CA1 evolves with experience in the environment. As reported previously for the dorsal hippocampus (Frank et al., 2004; Leutgeb et al., 2004; Wilson and McNaughton, 1993) , place fields in CA1 were broader and more irregular in a novel environment than in an environment where the animal had been trained for several weeks. This effect added to the impairment of the lesion group, where the fields covered more than half of the box in the novel environment. The direct inputs from the entorhinal grid-cell network are therefore critical at a stage where hippocampal firing may rely more on preconfigured path integration-based representations than on established associations with specific landmarks stored, for example, within the hippocampus.
After prolonged training, place fields in CA1 became more specific in both groups, as seen in the familiar environment. In CA3, the formation of stable representations during exploration of an open field is known to require multiple epochs of experience under some conditions (Leutgeb et al., 2004 (Leutgeb et al., , 2005a (Leutgeb et al., , 2006 . The increase in spatial selectivity in CA1 in the lesion group suggests that, over the course of several days, spatial information may eventually be conveyed to this subfield from CA3. The experiments in the familiar environment suggest, however, that location-selective inputs via the indirect pathway cannot, by themselves, support localized firing at the same level of precision as in intact animals, not even after prolonged training.
What is then the function of sequential transmission through the trisynaptic circuit? Converging evidence suggests that dynamic representations of place are computed in the entorhinal cortex and associated cortical areas (Fyhn et al., 2004 (Fyhn et al., , 2007 Hafting et al., 2005; Hargreaves et al., 2005; Sargolini et al., 2006) and that the hippocampus instead integrates the output from the spatial map in the entorhinal cortex with nonspatial and contextual information specific to each individual environment (Leutgeb et al., 2005b (Leutgeb et al., , 2005c . Incoming spatial information from layer II of the entorhinal cortex is orthogonalized into distinct nonoverlapping representations as signals enter the dentate gyrus and CA3 (Leutgeb et al., 2004 (Leutgeb et al., , 2007 Fyhn et al., 2007) , and cell ensembles in CA3 have significant capacity for retrieving these representations from degraded versions of the input during subsequent recall (Lee et al., 2004; Nakazawa et al., 2002) . Output from the associative network in CA3 may in turn control the formation of representations in CA1 in close temporal interaction with specific spatial information conveyed from entorhinal grid cells through the direct pathway (Dragoi and Buzsaki, 2006; Hasselmo et al., 2002; Jarsky et al., 2005; Remondes and Schuman, 2002) .
EXPERIMENTAL PROCEDURES Subjects
A total of 42 male Sprague-Dawley rats (2-3 months old, 300-400 g) were used. Twenty-nine of the animals were used for electrophysiological recordings, three for Fluorogold tracing experiments, four for Fluoro-Jade B labeling experiments, three for Golgi staining, and three for Vimentin labeling experiments. All rats were maintained on a 12 hr light/12 hr dark schedule, and all testing occurred in the dark phase. The animals used for electrophysiology were housed individually and kept at 85%-90% of their initial weight to motivate food searching. Water was available ad libitum.
Surgery
The rats were anesthetized with Equithesin (1 ml/250 g; i.p.). Thirteen control animals and seven lesioned animals were implanted with tetrodes aimed for CA1, while five control animals and four lesioned animals received tetrodes aimed for CA3. Four tetrodes of twisted 17 mm HM-L coated platinum-iridium wire were connected to a microdrive to allow dorsoventral adjustment of the tetrodes after surgery (Hollup et al., 2001) . In most cases, the tetrodes were fortified by one-component epoxy which cured after 30 min at 200 C. The electrode tips were platinum-plated before surgery in order to reduce electrode impedances to 150-250 kU at 1 kHz. The tetrodes were positioned above the hippocampus at an intermediate septotemporal level (AP 5.7, ML 4.7, DV 1.4 for CA1 recordings; AP 5.1, ML 4.1, DV 1.7 for CA3 recordings). Animals in the lesion group received a unilateral 1.12 ml injection of g-acetylenic GABA (GAG, 4.0 mg/ml) through a 28 gauge cannula (C313I; Plastics One). The injection was placed into the MEC with the cannula angled 18 degrees in the anterior direction and entering the brain just anterior of the transverse sinus. The injection volume was delivered unilaterally at three different dorsoventral levels (ML 5.0, DV 4.0, 3.5, and 3.0) . A mechanical pump (CMA Microdialysis) ensured a stable infusion speed of 0.1 ml/min. Control animals received no injection or cannula in the entorhinal cortex. The microdrive was secured to the scull using jeweler's screws and dental cement. A jeweler's screw fixed to the skull served as a ground electrode. As soon as the GAG-infused rats woke up from anesthesia they exhibited behavior consistent with epileptic seizures (wet-dog shakes, decreased responsiveness, short periods of ''frozen posture,'' and in some cases occasional forelimb clonus). A brief period of postsurgical epileptic seizures is necessary for cell loss in layer III after GAG infusion (Wu and Schwarcz, 1998) . Five to seven hours after the injection, the rats received an injection of clonazepam (0.35 mg/kg) i.p to block further seizures.
Unit Recording and Tracking
Daily screening for cells and behavioral training started 2-3 days after surgery. The tetrodes were lowered over several days in steps of 50 mm until hippocampal units could be identified. The rats were connected to the recording equipment via AC-coupled unity-gain operational amplifiers (Axona Ltd.), with counterbalanced hearing-aid wire allowing the animal to move freely within the enclosure (Hollup et al., 2001) . Recorded signals were amplified 15,000 to 25,000 times and band-pass filtered between 0.8 and 6.7 kHz. Triggered spikes were stored to disk at 48 kHz (50 samples per waveform, 8 bits/sample) with a 32 bit time stamp (clock rate at 96 kHz). EEG signals from the hippocampus were amplified 3000-5000 times, lowpass-filtered at 125 Hz, and stored at 250 Hz (8 bits/sample). A tracker system (Axona Ltd.) was used to record the position of a red LED attached to the head stage at a rate of 50 samples per second. The tracked position was smoothed offline with a 15 point median filter.
Familiar Environment
Hippocampal activity was recorded while rats were running in a black aluminum enclosure (100 3 100 3 50 cm high) resting on a table in the center of a room with multiple background cues (curtains were not used). The floor was covered by a dark rubber mat and a white cue card (50 3 50 cm) was centered on one of the box walls. Each recording lasted for 10 min. Crumbs of chocolate cereal were scattered individually into the box at 30-60 s intervals to motivate continuous running. Recordings began when the rat covered the whole box surface and ran continuously, usually after about 7 days of training. The rats were never exposed to the recording rooms before surgery. The floor of the recording apparatus was washed with water before each recording. Immediately before and immediately after each experiment, spikes were recorded for 5 min while the rat rested in a flower pot on a pedestal outside the recording apparatus. When the recording in the flower pot was completed, the rats were returned to their home cages in the animal quarter. For animals with CA1 units, a second recording in the familiar environment was made 1-2 hr after the first recording.
Novel Environment
After the second test in the familiar environment, the rat was transported to a novel room with a novel box for exploration. The surface of the box was widespread axonal projection pattern throughout CA1. The estimated average recording location in CA1 (red arrow in left panel) was clearly within the terminal field of the axon of the CA3 cell.
normally a circle, but on four trials in lesioned animals and five trials in controls, a square was used. The circular box was 95 cm in diameter and either black, gray or steel-colored with one prominent cue card (20 cm wide, 30 cm high) of a contrasting color on the wall. The square box was either a 105 3 105 cm white box or an 80 3 80 cm gray box; the walls of all enclosures were 50 cm high. The cue card was fixed midway between two corners in these boxes. Recordings began immediately after the rat was placed in the box, approximately 1-2 min after it was brought into the room. After 30 min of recording, the rat returned to the familiar environment for another 10 min recording.
Cell Separation
Spike sorting was performed off-line using graphical cluster-cutting software (Axona Ltd.). Pyramidal cells and interneurons were distinguished by the width of the extracellular action potential, firing pattern (i.e., complex spikes) and average firing rate (Hollup et al., 2001) . To estimate the quality of the cluster separation, we calculated the isolation distance for each putative cell (Harris et al., 2001; Schmitzer-Torbert et al., 2005) . Isolation distance is the radius of the smallest ellipsoid from the cluster center containing all its spikes and an equal number of spikes from other clusters. The measure is scale invariant and estimates the distance from the current cluster to the nearest other cluster. Thus, a cluster far away from other recorded spikes in the multidimensional cluster cutting space gets a high value.
Place Field Analysis
A total of 154 cell clusters were accepted for further analysis (49 clusters from 7 lesioned rats with CA1 recordings, 44 clusters from 13 CA1 control rats, 35 clusters from 5 CA3 recordings in lesioned rats, and 26 clusters from 4 CA3 controls). To characterize their place fields, a spike density function was estimated by convoluting the spike train (sum of Dirac delta functions) with a Gaussian smoothing kernel. The spike density function was sampled synchronously with the position tracker, and a rate map was calculated for pixels of 5 3 5 cm visited by the rat. Only cells that had average firing rates above 0.25 Hz in one environment were included in the analysis for that environment. A ''place field'' was defined as a contiguous region of at least 8 pixels (200 cm  2 ) where the firing rate exceeded 20% of the peak rate (Muller et al., 1987) . ''Place field size'' was defined as the size of the largest detected field (Muller et al., 1987) . The ''information density'' (Skaggs et al., 1993) estimates how much information a single spike conveys and is defined by the formula
where I is the information density measured in bits per spike, i is the index of the pixels of the place field, p i is the probability of the rat being at location i, l i is the average firing rate of the cell when the rat is at location i, and l is the total average firing rate. The sparsity of the rate map (S) was similarly calculated by dividing the square mean rate by the mean square rate over all pixels (Treves and Rolls, 1991; Skaggs et al., 1993) :
Spatial ''coherence'' was estimated as the first order spatial autocorrelation of the place field map and measures the extent to which the firing rate in a pixel is predicted by the rates of the neighboring pixels (Muller and Kubie, 1989) . The coherence was calculated without smoothing the fields. The stability of firing fields across repeated trials in the same box was estimated with a spatial correlation procedure where the rates of firing in corresponding pixels of the two maps were correlated pixel-wise for each cell. Bins visited less than 150 ms in either room were excluded to avoid artifacts in the correlation measure.
Histology
At the end of the experiment, the rats received an overdose of Equithesin and were perfused transcardially with saline and 4% formaldehyde. The brains were stored in 4% formaldehyde before they were frozen and cut into 30 mm slices on a cryostat or microtome. Initially, brains were cut in the sagittal plane to assess both the position of the recording tetrode and the position and extent of the lesion in the same orientation. These brains were stained with cresyl violet. However, the extent of the lesion could not be easily assessed in sagittal sections, so in the remaining animals, most of the entorhinal cortex, including the intended lesion site, was cut horizontally, whereas the dorsal part of the brain was cut coronally to assess the tetrode position in the hippocampus. In order to visualize neuronal loss more clearly, these brains were stained with a marker for neuronal nuclei, NeuN (Mullen et al., 1992) , and mounted on glass. Sections with fluorescent agents were studied with a Zeiss or Leica fluorescence microscope with a mounted camera. All pictures of the histology were processed in Adobe Photoshop and Adobe Illustrator for assembling the figures.
Anterograde and Retrograde Tracing
To verify whether the recording area in CA3 provides input to the recording area in CA1, we injected the anterogradely transported tracer Phaseolus vulgaris leucoagglutinin (PHA-L) in CA3. Injections were made with the use of a glass capillary through iontophoresis, using alternating current (7 s on/ 7 s of; 7 mA). Animals survived for 7-14 days and were transcardially perfused. Coronal sections were cut on a freezing sliding microtome, and sections were stained for PHA-L using the DAB method (see Wouterlood and Groenewegen, 1991) . The data presented are from one animal, taken from a larger collection of tracer injections in CA3 of Wistar rats. The recording area in CA1 was identified by infusing the retrograde tracer hydroxystilbamidine (Fluorogold; Molecular Probes; 2.5% in 0.9% NaCl) with a syringe pump into the CA1 of three naive rats at the same coordinates as used for unit recording. The solution (0.1 ml) was infused over a 5 min period through a 33 gauge cannula (C315I; Plastics One). The cannula was retracted 10 min later. The rats survived for 6 days and were subsequently perfused transcardially. The brains were extracted and stored in 4% formaldehyde before they were cut horizontally and coronally similar to the procedure for animals used for electrophysiological recordings.
Fluoro-Jade B Labeling of Degenerating Neurons
Four rats received GAG injections as described above and were perfused either 1 (n = 2) or 4 weeks (n = 2) after surgery. The brains were cut horizontally and stained with a neuronal marker for cell loss (Fluoro-Jade B; Schmued et al., 1997) .
Vimentin Labeling
Three lesioned animals were perfused as above 1 week after the lesion. Two brains were cut horizontally at 30 mm as described above. The remaining brain was embedded in paraffin and 10 mm horizontal sections were mounted. All sections were stained with an antibody against vimentin (DakoCytomation) using 1:200 and 1:400 dilutions and avidin-biotin peroxidase methods (Vector labs, Netherlands).
Golgi Staining
Two lesioned animals and one unoperated control animal were perfused as above 1 week after the lesion. Blocks of brain tissue from all three animals were processed in parallel, using the FD Rapid GolgiStain kit according to the specifications of the supplier (FD Neurotechnologies, Inc). Horizontal sections of 100 mm thickness were counterstained with cresyl violet.
Supplemental Data
The Supplemental Data for this article can be found online at http://www. neuron.org/cgi/content/full/57/2/290/DC1/. 
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